Word count abstract: 247 20 21 Word count importance: 132 22 23 Word count main text: 4113 24 25 26 51 species, Culex pipiens and Culex torrentium, sampled from northern Europe. Our analysis 52 revealed extensive viral diversity, including 28 novel viruses, and was comparable to the 53 levels of diversity found in other temperate and tropical regions globally. Importantly, as well 54 as harbouring RNA viruses that are closely related to other mosquito-derived viruses sampled 55 in diverse global locations, we also described a number of viruses that are unique to specific 56 sampling locations in Sweden. Hence, these data showed that geographical factors can play an 57 important role in shaping virome structure even at local scales. 58 59 60 The mosquito (Diptera; Culicidae) genus Culex comprises more than a thousand species, with 61 representatives found globally (1). Culex species are vectors of a number of important 62 pathogens including West Nile virus (WNV) (Flaviviridae), Japanese encephalitis virus (JEV) 63 (Flaviviridae) and Sindbis virus (SINV) (Togaviridae), as well as a variety of nematodes (1-64 3). One of the most widespread Culex species is the Northern House mosquito, Cx. pipiens, 65 that is distributed across the northern hemisphere. In Europe and the Middle East it occurs 66 together with Cx. torrentium, another Culex species with females and larvae that are 67 morphologically identical to Cx. pipiens. These two species have overlapping distributions 68 and share larval habitats. However, Cx. torrentium dominates in northern Europe while Cx. 69 pipiens is more abundant in the south (4). Both species are vectors for a number of bird-70 associated viruses that can cause disease in Europe; for example, WNV, that may cause a 71 febrile disease with encephalitis, and SINV that may result in long lasting arthritis (2, 5). Cx. 72 pipiens is one of the most common WNV vectors in both southern Europe and North 73 America, and Cx. torrentium is the main vector of SINV in northern Europe (2, 6). Infections 74
Abstract 27 There is mounting evidence that mosquitoes harbour an extensive diversity of 'insect-specific' 28 RNA viruses in addition to those important to human and animal health. However, because 29 most studies of the mosquito virome have been conducted at lower latitudes there is a major 30 knowledge gap on the genetic diversity, evolutionary history, and spread of RNA viruses 31 sampled from mosquitoes in northern latitudes. Here, we determined and compared the RNA 32 virome of two common northern Culex mosquito species, Cx. pipiens and Cx. torrentium, 33 known vectors of West Nile virus and Sindbis virus, respectively, collected in south-central 34 Sweden. Following bulk RNA-sequencing (meta-transcriptomics) of 12 libraries, comprising 35 120 specimens of Cx. pipiens and 150 specimens of Cx. torrentium, we identified 40 viruses 36 (representing 14 virus families) of which 28 were novel based on phylogenetic analysis of the 37 RNA-dependent RNA polymerase (RdRp) protein. Hence, we found similar levels of virome 38 diversity as in mosquitoes sampled from the more biodiverse lower latitudes. Four libraries, 39 all from Cx. torrentium, had a significantly higher abundance of viral reads, spanning ~7-40 36% of the total amount of reads. Many of these viruses were also related to those sampled on 41 other continents, indicative of widespread global movement and/or long host-virus co-42 evolution. Importantly, although the two mosquito species investigated have overlapping 43 geographical distributions and share many viruses, approximately one quarter of the viruses 44 were only found at a specific location, such that geography must play an important role in 45 shaping the diversity of RNA viruses in Culex mosquitoes. 46 47 Importance 48 RNA viruses are found in all domains of life and all global habitats. However, the factors that 49 determine virome composition and structure within and between organisms are largely 50 unknown. Herein, we characterised RNA virus diversity in two common mosquito vector
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We next analysed potential host-relationships by comparing abundance, presence across 138 libraries and phylogenetic relationship with other viruses (Table 3 ). These data suggest that 16 139 of the 40 viruses were likely mosquito associated, of which one and two were unique to Cx. 140 pipiens and Cx. torrentium, respectively . The host association was unclear in the 141 remaining viruses (for example, they could be associated with micro-organisms co-infecting 142 the mosquitoes) and could not be safely assumed to infect mosquitoes. For example, Ahus 143 virus (Totiviridae) was at low abundance, was not present in several libraries, and clustered 144 with viruses derived from various environmental samples, suggesting that it is less likely to be 145 mosquito-associated. Similarly, although Gysinge virus (Mononegavirales) was abundant and 146 present in several libraries (Table 3) , that its closest relative ( Figure 5 ) was a soy bean leaf 147 associated virus (19) means that it cannot be safely assigned to mosquitoes. Conversely, 148 Culex mononega like virus 2 ( Figure 5 ) was found to be abundant, present in several libraries 149 and clustered with other mosquito viruses, suggesting that it is likely to be mosquito 150 associated. All potential mosquito host-association data is summarised in Table 3 . 151 152 Notably, Cx. torrentium harboured four viruses of significantly higher abundance compared 153 to Cx. pipiens: (i) Nam Dinh virus (303, 145 RPM, or 42% of all viral reads and more than 154 30% of all [non rRNA] reads, respectively, in library L2), (ii) Biggie virus (35, 063 RPM, or 155 4.6% of all viral reads and 3.5% of all reads, respectively, in library L12), as well as two 156 newly identified viruses, (iii) Valmbacken virus (52, 264 RPM, or 182 Our phylogenetic analyses of the viruses discovered showed that several are closely related to 183 previously identified viruses, and that many form clusters with mosquito-associated and/or 193 Picornavirales (N = 2) and Togaviridae (N = 1), respectively ( Figure 4) 222 In total, we identified 16 negative-sense RNA viruses, including 9 novel viruses. These were Within the order Mononegavirales, Merida virus, Culex mononega-like virus 2, Culex 230 mosquito virus 4, and Culex mononega-like virus 1 have previously described been in 231 mosquitoes (12, 15, 20) . Although abundant, the novel Gysinge virus was not found to cluster 232 with any mosquito sequences ( Figure 5 ), so that its true host is uncertain.
Evolutionary history and host-associations of the discovered RNA viruses
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The Qinviruses are a newly described and highly divergent group of RNA viruses (10). We 235 identified four novel Qin-like viruses: Nackenback virus, Gran virus, Vinslov virus and 236 Vittskovle virus. The latter three are more closely related to the Hubei qinvirus like virus 2 237 previously found in a pool of different arthropods (10). Nackenback virus was found to share 238 a more recent common ancestor with Wilkie Qin-like virus previously found in Aedes and 239 Culex mosquitoes in Australia (12). Although Qin-like was most closely related to fungal 240 viruses (12), it is notable that Nackenback virus was found in both Cx. pipiens and Cx. 241 torrentium libraries and was also more abundant than host non-RNA in the Cx. torrentium 242 libraries ( Table 2, Table 3 ). Hence, this virus may be truly mosquito-associated. We also 243 detected two orthomyxoviruses, Wuhan Mosquito Virus 6 and Wuhan Mosquito Virus 4, both 244 of which have previously been found in pools of Culex mosquitoes and are known to be 245 mosquito associated (12).
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Double-stranded RNA viruses 248 We identified a total of eight double-stranded RNA viruses in our Swedish mosquitoes, all of 249 which were novel. These belong to the Partitiviridae (N = 2), Reoviridae (N = 1) and 250 Toti/Chrysoviridae (N = 5). For the family Reoviridae, Valmbacken virus clustered with 251 Aedes camptorhynchus reo-like virus, previously discovered in mosquitoes (12). Valmbacken 252 virus was also abundant and found in all libraries, and is therefore most likely a Culex 253 associated reovirus ( In comparison, four of the five novel totiviruses clustered with other mosquito associated 256 totiviruses ( Figure 6 ), but only two (Lindangsbacken virus and Eskilstorp virus) were also 257 found to be abundant. The fifth totivirus, Ahus virus, was highly divergent, had low 258 abundance and clustered distantly with potentially protist originating viruses ( Figure 6 ). Thus, 259 the host association of Ahus virus remains uncertain.
9
The two novel partiti-like viruses, Vivastbo virus and Sonnbo virus, did not cluster with any 262 viruses sequenced from mosquitoes, but rather grouped with viruses originating from various 263 arthropod hosts ( Figure 6 ). However, the relatively high abundance levels of Vivastbo virus 264 suggest that it may be associated with mosquitoes (Table 2, Table 3 ). Direct comparisons between virome studies are greatly complicated by such factors as 292 differences in sequencing technologies, bioinformatic analyses, criteria for species 293 demarcation, and study focus. Despite these important caveats, it is noteworthy that the 294 number of viruses found in here is of a similar magnitude and diversity to those found at 295 lower latitudes (12, 15) . Hence, the virome composition appears not to follow the same trend 296 as mosquito biodiversity, with fewer species in temperate regions (17, 18) . Specifically, 24 297 different viruses were found in Cx. torrentium, of which six were unique to that species, and 298 34 viruses were found in Cx. pipiens, of which 16 were unique. Hence, 18 viruses were shared 299 between both mosquito species, 16 of which we tentatively consider to be mosquito Table   301 3). Table 3 ), although we cannot exclude either false-negative 308 or false-positive associations. For example, the divergent Ista virus (Picornaviridae) was 309 found in high abundance and in multiple libraries, but did not cluster with any viruses that 310 originated from mosquitoes, although it did group with other arthropods (Figure 4 -6). The 311 fact that it did not cluster with other mosquito viruses is, however, perhaps unsurprising as 312 studies from temperate regions are few, and this is the first study investigating the virome of 313 Cx. torrentium. It is clear that many viruses are seemingly ubiquitous in mosquitoes, covering 314 a wide variety of climates and habitats (12, 15, 21) , but whether Ista virus and many other 315 viruses are truly mosquito-associated will need to be considered in additional studies. It was 316 also noteworthy that no insect-specific flaviviruses were discovered in this study, even though 317 these are relatively commonplace (22) interesting. One potential explanation is that the virome composition has been impacted 325 through differential associations with the intracellular bacteria Wolbachia pipientis. Indeed, it 326 has previously been shown that Cx. pipiens is commonly infected with Wolbachia, while this 327 bacterium is absent from Cx. torrentium (9). Wolbachia is well-known for its ability to 328 influence virus infection in mosquitoes, but has mostly been studied in systems with 329 pathogenic viruses such as dengue (25). However, we found no compelling evidence for 330 Wolbachia in any of the Culex samples studied here.
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The species separation between Cx. pipiens and Cx. torrentium has long been ignored, largely 333 because of the need for molecular demarcation, so that it has been assumed that most of the 334 biology of the two species is comparable. Our study reveals that Culex mosquitoes in northern 335 temperate regions harbour as much, and sometimes more, viral diversity as mosquitoes in 336 tropical and sub-tropical regions. We also show that the two vector species share many 337 viruses, but also differ noticeably in which RNA viruses they harbour, and at significantly 338 different abundance levels. Further studies should aim to study how mosquito host structure 339 and feeding preference, evolutionary history, ecological relationships, geography and 340 environment determines virome composition and the potential interaction with pathogenic and 341 non-pathogenic viruses, as well as the impact of virome composition on mosquito health. (12, 32) , and hence likely to be mosquito associated. Hits that were below the level of cross-379 library contamination due to index-hopping, measured as 0.1% of the most abundant library 380 for the respective virus species or less than 1 read per million mapped to a specific virus 381 contig, was considered negative (coloured grey in Table 1 and Table 2, The raw sequence data generated here has been deposited in the NCBI short read archive 410 (BioProject: PRJNA516782) and all viral contigs has been deposited in NCBI GenBank 411 (accession numbers: MK440619-MK440659). 34,150,856 62,820,620 43,914,132 52,916,282 62,936,342 59,016,596 39,231,440 41,210,662 41,328,330 40,762,624 44,703,752 46,526,884 Virus Table 3 . Indication of host associations for the discovered viruses. Host-association was assessed using (i) the abundance of viral contig per total amount of reads in a library, (ii) virus abundance in relation to the COX1 host gene, (iii) presence amongst the libraries, and (iv) phylogenetic clustering with other mosquito derived viruses. 
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